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SUMMARY

Theeffectoffiberorientationonfatigue
racesandballsinthefatiguespinrig. Three
ofAISIT-1tungstentoolsteelwithcontrolled

d testedunderrolling-contactfatigueconditions

lifewasstudiedforboth
cylindricalracespecimens
fiberorientationwere”
with9/16-inchSAE52100

~ ballsat a maximumtheoreticalHertzcompressivestreshof 750,000pounds
persqusreinch.A largegroq ofballswithsubgroupsoftendifferent
materialswasalsotestedatroomtemperatureanda maximumHertzcompres-
sivestresslevelof725,000poundspersquareinch.

Inbothballsandraces,a concentrationoffatiguefailureswasob-
d servedinthatporttonofthespecimenswiththehighestangleof inter-

sectionoffiberflowlineswiththesurface.Intheraces,a continuous
trendtowardpoorerfatiguelifefromtheregionofparallelfiberto that

b ofperpendicularfiberorientationwasobserved.Ineachoftheball
materialsstudied,thesxeasofperpendicularfiberorientation(polar
sreas)wereweakerinfatiguethantheremainderoftheball.

A significantportionofthenonpolarandnonequatorialfailurestn
theballsappearedtobe causedby surfacedefectswhichhavea relation
totheforginglines.

=ODUCTION

Thedevelopmentandevaluationof newmaterialsforhigh-temperature
besringsrequireanunderstandingofthenatureandimportanceofthemany
factorsinfluencingfatiguelife. Onemajorfactorinfluencingthispro~-
ertyhasbeenindicatedtobe therelationofthefiberorientationtothe
workingsurface.Reference1 showsthat,inSAE52100ballsrunwithran-
domlyorientedtracks,thefrequencyoffailureinthepolarareasis about
twicethatanticipatedwitha homogeneousmaterial.
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Additionalinformationontheitiluenceoffiber~ngcreatedby metal
flowduringmanufacturehasbeenobtainedandisreportedhereinforthree
reasons: ......——

(1)To studytheeffectoffiberflow”over”theentirerangeoforien-
tationsusingraceswithcontrolledfiberorientation

(2)To improvethestatistical..co~ide~ceinthe+resplt.sofreference
1 by enlargingtheballsamplesize

(3)To estimatethe
severaldifferent

Anymetallicobject

1.---

—.

G—
—

-..

degieeoftheseorientationeffectsinballs@ “Q
steelalloys .:

.=

FIBERORIENTATION

formedby forging.generallypossessesa fiber,
flowpatternwhichreflectstheflowofmetalduringtheformingoperation.
Sincenonmetallicinclusionsdonotrespond_totheheattreatmentusedto
controlthemetallographicstructureofthe.material,theyareprogres-
sivelyelongatedduringeachformingoperationfromtheingotto thefinal
bearingelementshapeina mannerwhichreflectstheover-allflowofthe
metal.Thedesiredmetalliccrystallinestructureisobtainedby heat
treatment,buttheinclusionsretaintheiraccumulatedelongationpattern.
Thispatternisbestdescribedasfiberousinappearance,hencetheterm
“fiberflowlines.”

Steelballsasmanufacturedforbearingsaremadeby upsettingslugs
of steelrodbetweenhemisphericaldies.~~ resultiu~roughball.is‘“
heat-treatedandthenroughandfinishground.Thisfabricationtechnique
producesa fiberflowpatternwithtwodiametricallyopposedareashaving
fiberorientationapproximatelyperpendicularto thesyrface.Theseareas
correspondto theendsoftheupsetrod”slug.WhenexcessmetalisprSs-
ent,a bandofperpendicularlyorientedfibercorrespondingtothe.removed
flashingatthediepartinglineisalsoobtained.Theaxeasinbetween
havefiberorientationapproximatelypwalleltothesurface.Thus,the
surfacesof-ballscommonlyusedinrolling-cwrtactbearingshavea pro-
nouncednonhomogeneitywithrespecttofiber.floworientation.Thetwo
areasofperpendiculargrainflQwarereferredto asthepoles,wh”ilethe
bandofthediepartinglineisreferred.to..astheequator.Thefiber
orientationpatterncharacteristicofballsis illustratedinffg~e 1..

Bearingracesalsohavea definitefiberflowpattern.Since“several
methodsofmanufactureareenployed,severalcharacteristicpatternsare
common.Racesgroundfromseamlesstube.stotikhavea fiberflowpattern
whichisapproximatelyparalleltotheracegroove>whileforged races

havea morecong?licatedfiberflowpattern,whichusuallyresults,infiber
orientationanglesrangiW.frcu@to 9@.

-—
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APPARATUS

9’

.

Onlybriefdescriptionsoftheapparatus(fig.2] andprocedureare
givenhere. A moredetailedpresentationcanbe foundinreferences1
and2. Essentially,therigconsistsoftwoballsdrivenathighspeed
ontheinnersurfaceof a cylinderraceby an airJet. Ballloadingre-
sultsfromcentrifugalforce.Speedcontrolandatiomaticfailureshut-
downs~temssreprovided.

@ecimenswithcontrolledfiberfloworientationwereobtainedby
machiningracecy~ndersfromAISIT-1 (18-4-1tungstentoolsteel)billet-
stockatvariousanglesto thedirectionofforging.Threecylinderswere
machinedwithaxesparallelto,at45°to
tionoffiberflow(fig.3(a)).

, andperpendicularto thedirec-
Thefirstcylinderhadfiberorientation

paralleltothetestsurface(fig.3(b)).Thesecondhadfiberorientation
rangingcontinuouslyfrompsrallelto 45°tothetestsurface(fig.3(c)).
Thethirdhadfiberorientationrangingcontinuouslyfrompwallelto
perpendicularto thetestsurface(fig.3(d)).Thenominalcomposition
andthecleanlinessratingofthismaterialaregivenintableI. Each
ofthecylinderswashardenedtoRockwellC-62to C-64.

Intestingthespecialracecylinders,about20trackscouldbe run
tofailurebeforethecylinderborewasrefinishedto a 0.120inchgreater
internaldiameter.Thelocationof a runningtrackwasdeterminedby the
positionoftheguideplateasseniblyverticallyintheboreofthetest
cylinder.Threeboresmfaces(3.25,3.37,and3.49diam.)weretested
ineachcylinder.Sufficientmaterialwasremovedineachrefinishing
processto removeanyeffectofpreviousstressing.SAE52100steelballs,
witha fatiguelifelongenoughto ensurethattheracefailedftist,were
usedinthisraceevaluation.

Thetestballswerehardenedto RockwellC-62to C-64andwereall
1/2inchindiameter,excepttheSAE52100ballswhichwere9/16inchin
diameter.Thenominalcompositionandthecleanlinessratingsforthese
groupsofballsaregivenintableI. Therunningtrackontheballswas
predeterminedby randomlygrindingtwodismetrallyopposedl/8-inchflats
ontheballsurface.Alltestballswereweighedandinspectedat a mag-
nificationof 36. Thepresenceof excessivescratchesorpittingandany
cracks,laminations,orflatspotswasnotedina permanentrecord.Race
cylindersfortheballinvestigationwereAISIM-1 {molybdenumt~e)
vacuum-meltedtoolsteel.SAE10mineraloilwasusedas a lubricantin
allthetests.

PROCEDURE

Dimensional,surface-finish,andhardnessinspectionsweremadeprior
totest,andcarewastakentoprotectthespecimensfrommechanicaldsmage
andcorrosionduringhandlingandstorage.
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Theboresurfaceandtestballswerecaatedwiththetestlubricant
duringassenibly.Therigwasbroughtupto_operating_speedasrapidly
andas smoothlyaspossible.Approximately15millilitersperhourOf.
lubricantwereintroducedindropletformintothedriveairstreambetween
theguideplates.Theatomizingeffectof.t,hehigh-v~locityairstresm
reducedthehibricantto a finemistwhichAheredto-surfacestoprovide
a lubricatingfilm. Speed,airpressure,andvibrationlevelswerere-
cordedduringthetest.Totalrunningt,imewasrecordedandconverted.
intototalstresscyclesonthespecimen.~ post-test_6urfaceexamination
at a magnificationof36wasmadeto observetrackcou-ditions.

Failurelifedatafortheracecylinderspecimenswereplottedon
Weibullpaper,whichisa distributionoftheloglog.ofthereciprocal
oftheportionofthesamplesurvivingagaiwtthelog.of stresscycles
to failure.Thelocationofthefailuresinthespecialracecylinder
specimenswasnotedwithrespectto fiberflowdirect.i.on.

Theballspecimenswereetchedwith60percenth@rochloricacidat —

160°F aftertestingtorevealthepolarareasandthelocationoffailure‘-‘-~.:
withrespecttothepoles.

RESUT-TSANDDISCUSSION .

RaceData , —. ..-

@ Cylinder.- The0°cylinder(fig.3(b))WS.Stestedasa basisfor
●

comparisonwiththecylinderswhichhada rangeoffiber.orientation._.
Fifty-sevenfatiguefailureswereproducedwiththis-specimen.A chart -.
ofthefailurelocationsisgiveninfigure4. The@ta show.a random
failmepattern.Theseresultsmightbe anticipated.sincetheborn+suy- .=..._-
faceishomogeneouswithrespecttofiberOrientationlmetallographic —
structure,hardness,andchemicalcomposition. . -,

Sinceanyweaknessor unusualstrengthinthespecimenwouldp.ffe_ct --
lifeaswellas-positionoffatiguefailures.,thelivesofthefatigue
failuresweretabulated.A Weibullplot-for_thefirst50oftheS?fail- _
uresinthe0°cylinderisgiveninfigure.5..ItwasconvenienttoUEX
onlythefirst50failuresbecause-medianranktables~(ref.3)usedto

.—

findtheordinateintheWeibullplotwerev~adilyav~i~bleonlYto S.mle ._ .=
sizesof50. Withthislargesamplesizetheplotshouldbepractically
coincidentwiththatwhichwouldresultwhenusinga samplesizeof 57.

@ to 900Cy13.uder.- A chartof the67failuresforthiscylinder
isgiveninfignr’e6.(a).Becausetheboresin?facehasfourquadrantswith
the0°to 900rangebf”controlledfiberorientation(fig.3(d)),thedata
werecondensed’intooneequivalentfirst-qu@rant.

T!
T~econdensed.lataare v

giveniu.figure.6(b).Examinationofthischartshowsan app=ent.increase--“-._

.: . -.
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infailuredensityintheregionofhigheranglesof intersectionoffiber
flowwiththeboresurface.A measmeofthispreferredlocationoffa-

Q tiguefailureswithrespecttofiberfloworientationispossibleby
dividingthe900rangeintozonesandcountingthenuniberoffailuresin
eachzone.

Thegreatestnuuiberofdivisionswhichgavea continuoustrendis
fivezonesof 18°eachas showninfigure7. A definitetrendtowarda
concentrationoffailuresatthehigherfiberorientationanglesisshown.
When&ing 18°zones,thefailuredensityinthezoneclosesttoperpen-
dicularfiberorientationisapproximatelythreetimesthefailuredensity
inthezonenearparallelfiberorientation.

A cumulativedistributionwillgivea continuousmeasureoffailure
susceptibilityovertheW to 9@ range.In a homogeneousmaterialthis
distributionwouldbe a straightlineasthefailuresaccumulatedata
constantrateovertherange.Thisis showninfigure8 forcomparison
withtheexperimentalresults.

Thelivesoffatiguefailuresforthiscylinderweretabulatedand
arepresentedas a Weibullplotinfigure9. Asforthe00 cylinder,only
thefirst50failuresarepresented.

●

@ to 45°Cylinder.- Sixty-fourfatiguefailureswereproducedwith
the to 450cylinder(fig.3(c)].Thelocationsofthefailuresare

* giveninfigure10(a).As inthe00to 900cylinder,fouridenticalq..d-
rantssrepresentsothedatawerecondensedintooneequivalentfirst
quadrant(fig.10(b)). A preferenceforfailuresto locatenearthehighest
angleoffiberorientationisobserved.Itwillbenotedthattheabscissa
scaleinfigure10(b)is nonlinear.Thisissobecauseinthe(X’to 45°
cylinderequalrangesoffiberorientationanglerepresentedprogressively
largerareasonthetestcylinderfromlowertohigheranglesoffiber
orientation.Figure10(b)presentsanundistortedplotoftheW to 45°
cylinderborecondensedintoonequadrant,thusthescaleoffiberorien-
tationangleis nonlinear.An analysisofthesedataon thebasisof equal
incrementsoffiberorientationanglewouldhavetotakethisunevendis-
tributionof areaintoconsideration.

Figure11isa plotofthenumberoffailuresinfourequalzonesof
fiberorientationadjustedto compensatefortheunequalareaineachzone.
As inthe0°to 90°cylinder,thisOoto 45°cylindergivesan increase
infailuredensityfortheregionclosesttothehighestfiberorientation
angle.Thera@e betweenhighestandlowestdensityis lessthanthatfor
the00to 900cylinder,butthis@@t be e=ectedsincetherangeof
orientationanglesisonlyhalfthatinthe0°to 900cylinder.

J A cumulativedistributionoffailuresagainstfiberorientation,ad-
justedforsrea,isgiveninfigureI-2.Inthisplotthenuniberof

.
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failuresaccumulatesatrateslessthanare.expected~ora homogeneous
materialat lowa%les andacceleratesto a rateoff“ailuregreaterthan
thatina homogeneousmaterialtowardthe&eaterfiberorientationangles.
Thetheoreticalcurvefora homogeneousmaterialisnota straightline
becauseequalIncrementsoffib,erorientationangledo notrepresentequal
areas.Thisis anotherindicationthattheregionofhigherfiberori-en-
tationanglesismoresusceptibletorolling-contactfatiguefailurethan
a regionwithlowerfiberorientationangles.

Thefatiguelives
andarepresentedasa
first50failureswere

observedwtththiscylinder
Weibullylotinfigure13.
used.

DiscussionofRaceData

Thepositionoffatiguefailureswithrespect
anglein-boththe0°to 90°andthe0°to 450test

,..

specimenweretabulated
Asbefore,onlythe
—.

tu fiberorientation
cylindersindicatesa

te;dencyforfailuresto occurpreferentiallyInregionswheretheangle
betweenthefiberdirectionandthesurfaceisthegreatest.Inthe@
to 90°cylinderaboutthreetimesasmanyfailuresoccurredinthezo-ne
from72°to 900ffberorientationas inthezoneo~eqpalareafrom@
to 18°fiberorientation.Inthe0°to 45°cylinderabouttwicethefail-
uredensityexistedina zonenearthe45°fibercomparedwithanequiva-
lentzoneroundthe@ fiber.Inthe@ cylinderwhereallfiberwas
paralleltothesurface,failurelocationsappearedtobe randomlylocated.

A greaterthanaveragefailuredensityisanindicationthata region
isweakinfatiguestrength.Thus,therunningtime(i.e.,stresscycles)
to failureshouldbeshorterfortheregionwherefailuredensityisthe
greatest.TheWeibullplotsofthefatiguslivesof-thethreecylinders
arecomparedinfigure14. .

The0°cylinderhasthebestlife,whilethe0°to 90°cylinderhas
thepoorestlife.However,thedifferencein lifeforthe@ to 90°and
the00to 45°cylindersappearstobe negligible.Itshou~be notedthat
the0°to 900cylindercontainedbilletcorematerial(fig.3{a)),while
the@ cylinderdidnot. Sincecorematerialisoftendirtierthanthe
surroundingmetal,itwasthoughtthatthiflmightaccountforthediffer-
encein lives.Accordingly,theboreofthe0°to 900cylinderwasdivided
intothreeaxialzones(oneincludingthebilletaxis),andlifeplots
weremadeforthelower,center,andupperthirds.Thezoneliveswere
practicallycoincidentwiththeover-alllife.Forthecenterzonecon-
taini~thecorematerial,the10-and50-~ercentliveswere3x106and
13x106-stresscYcles,res~ectively,while he corresponding

tover-allcylinderwere3.1x106and1.3.2x10stressCycless
livesforthe

.,.

u

w

-m

“t_-

—
—
—

*’

—

.

d

.



NACATN 4216 7

b

The@ cyEnderhasa 50percentgreaterlifeatthe10-percent
failurepoint.thanthe0°to 90°cylinder.Theselifedataareconsistent
withthefailure-den”sftydata.

Thepreviousdiscussionpresentsa directpresentationofthelife
dataforthethreecylindersbutdoesnotgivea quantitativemeasureof
thevariationin lifebetweentheextremesof.psrallelandperpendicular
grain.TheWeibullplotforthe0°cylinderisa measureof lifefor
parallelfiber,butthatforthe0°to 90°cylinderrepresentsa composite
valuefora range‘oforientations.A Weibullplotfortheportionofthe
0°to 90°cylinderwithfiberorientationsneartheperpendicularwould
givea morerepresentativevalue.Sucha plotisgiveninfigure15for
thezonerepresentingfiberorientationanglesfrom81°to 90°. As ex-
pected,the10-percentfailurelifeis lowerthanthatforthecylinder
as a whole.Thisplotisnotentirelycorrectstatisticallysincea
failureintheremainderofthecylinderwouldbe a runotiinthezone
underconsideration.However,fiveofthesixlowestlivedfailuresoc-
curredinthe81°to 90°zone.Figure15wasdrawnusinga samplesize
of sixwithfivefailuresandonerunout.Thisprocedureshouldgivea
fairestimateofthe10-percentlifeforthiszone.

Infigures14and15 lifedataaregivenforspecimenswithranges
offiberorientationanglesof ~, @ to 45°,0°to 90°,and81°to 90°,
whichhaveaveragevaluesof 0°,27.5°(ad@sted)j450,and85.50,re-
spectively.Thus,sincea plotof lifeagainstaveragefiberorientation
angleispossible,figure16presents10-percentlifeplottedagainst
averagefiberorientationangle.Thetrendtowardlowerlifeathigher
fiberorientationanglesis quiteconsistent.Extrapolationofthisplot
toperpendicularfibergivesa ratiobetweenparallelfiberlifeandper-
pendicularfiberlifeoftheorderof 4 to 1.

BallData

A largegrow ofballs,ofwhich211failed,wastestedwithrandomly
orientedtracksandwas-ed to obtaindataonfailurelocationwithre-
specttofiberorientation.Thelargesamplesizeassuredrandomorien-
tation.Post-testetchingshowedthatabout63percentofthetracks(in
boththefailedandunfailedballs)ranthroughthepoles,whichis in
goodagreementwiththe64-percerittheoreticalvaluederivedinreference
1. Thissamplegroupconsisted-ofsubgroupsoftendifferentmaterials.

Sincethetracksoftheballswererandomlyorientedwithrespectto
fiberorieritation,a randomfailure-patternshouldhavebeenproducedif
theballswereofuniformfatigue”%rengthovertheentiresurfacearea.
Reference1 containsa coniputationoftheprobabilityof-failureoccurring
ina polarsreaundervariouslimitingconditions.TableII isa compar-
isonoftheactualfailurelocationswiththetheoretical(15.0percent)
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resultsanticipated.Theratioofexperimentaltotheoreticalresultsis
givenonlyforthesampleswhichshowedan”approximatelyrandomtrack
orientation,forexample,63percentofthe,totalofthefailedtracks
passingthroughthepolarareas.Fortheentiregrouptheproportionof
polarfailures(30.8percent)isapproximatelytwotimesthat--whichcould
be expectediftheentireballsurfacehaduniformfatiguestrength.The
proportionof nonpolarfailuresiscorrespondinglysmallerthanthatpre-
dictedtheoretically.Thissusceptibilityofpolarareasto failurein-
dicatesthatthepolarareasaresignificantlyweakerinfatigue.The
tendencyfora largerthannormalproportionofpolarfailuresseemto
holdforeachofthetenindividualmaterialsinvestigatedalthoughsome
ofthesmallersaqpleswerenotrandomlyorientedand,thusaredifficult
to analyze.A metallograyhiccrosssectiouof a typicalpolarfailureis
giveninfigure17.

●

a

.,
.—

TableIIIgivesthedistributionoffailuresin,the144balls,taken
fromthe211intableII,whichranoverthepoles.Iftheballswereof

—

uniformfatiguestrength,theportionoffailuresoccurringinthepoles
wouldbe equaltotheratioofthestatisticallyaveragedtracklength
occurring”withinthepolestothetotaltracklength(23.4percent).For –
thetotal“groupofballstheactualresult_(45percent)wasabout1.9times
thatnumber.Foreachofthetenballmaterialsstudied,thepolarareas
appeartobe weakinfatiguebecauseforeqchmaterialtheratioof actual ...
totheoreticalfractionofpolarfailuresis greater thanunity.

Figure18isa plotoffailuredensityontheballsurfaceas a func- .
tionoftheelevationfromtheequatortowardthepole(i.e.,balllati-
tude). Thisfigurewascompiledfromthefailurepositiondataobtained
fromthe211ballsexamined.Thedatawereplottedby countingallthe
failuresineachofnine100zonesofballlatitudeanddividingby a
factorequaltothepercentageofthetotalballereainthezone..This
gavea failuredensityforeachzone.Thisplotshowsa verymarkedin-
creaseinthedensityoffailuresathigheTballlatitude,thatis,the
polarareaswherethefiberorientationisapproximatelyperpendicular.
Theareaneartheequatoralsohasa significantincreaseinfail~e
density.Thisareaalsohasperpendicularfiberorientationdueto the

—

removaloffbshingformedattheupsettf%diepa~-lngline.These_char- “
acteristicfiberorientationareasareillustratedinfigure1.

—
A plot

SUCIIas figure18fora homogeneousmaterf.alwouldpresenta uniformband
—

offailuredensity.

A significantportionofthefatiguefailuresOCCurringo~sfde.!he.
polesandequatoralsoexhibiteda uniqueappearance_whichisapparently
tiedinwiththefiberflowpatternoriginatingintheupsetforgingof 1
thehalls.Inthisareathefiberorientationisparalleltothesurface,
butopendiscontinuitieswhichareperpendiculartotheequator(die
partingline)arefrequentlyobservedduringpost-testinspectionathigh u“

magnification(ref.1). Anysuchdefectsnearthesurfacewouldcause
.
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t=a
C.g

●

stressconcentrationsandacceleratefatiguefailure.Figure19shows
thisconditionforoneballeachofAISIM-1,AISIM-10,AISIT-1,and

. SAE52100.Ineachcasethefailureoccurredat an inclusionwhichwas
atan angleto therunningtrackbutperpendicularto theeq,,tor.This
conditionwasobservedin approximately30percentoftheballswhich
failedoutsidethepoles.No correlationwiththeangleoftrackand
inclusionintersectionwasfound.Inmostcasestheinclusionwasobserved
inthepreinspectionandpostinspection.Thephotographsinfigure19
weretakentiteretchinginordertoreducethetechnicaldifficulties
involvedinphotographinga polishedcurvedsurface.

Allfailwesobservedinthisseriesweresimilsrto eachotherand
resembledthosecharacteristicoffull-scalebearings(fig.20). They
werelimitedinareaanddepthof spallingandappesredto originatefrom
stisurfaceshearcracking.A comparisonof a typicalfatiguefailurefrom
thespinrigwitha bearingracefailureisgiveninfigure20.

.

.

.

SUMMARYCIFRESUIITS

ThreeAISIT-1tungstentool-steelracecylinderspecimenswithcon-
trolledfiberorientationweretestedunderrolling-contactfatiguecon-
ditionswith9/16-inchSAE52100ballsatroomtemperatureanda maximum
Hertzcompressivestresslevelof 750,000poundspersquareinch. A large
groupofballswithsubgroupsoftendifferentmaterialswastestedunder
rolling-contactfatigueconditionsatroomtemperatureanda maxfmumHertz
compressivestresslevelof725,000poundspersqwe inch.Theresults
ofthesestudiesareasfollows:

1.Inbothballsandracesa concentrationoffatiguefailureswas
observedinthatportionofthespecimenswiththegreatestangleof in-
tersectionoffiberflowlineswiththesurface.Thus,thepolaror end
grainareasoftheballsweresignificantlyweakinfatigue.A somewhat
lesserweaknesswasobservedfortheequatorarea.

2.A continuoustrendtowardlowerfatiguelifewasobservedwith
theracespecimensintherangefromparalleltoperpendicularfiber
orientation.

3. Intheballsa significantportionofthenonpolsrandnonequa-
torialfailuresapyearedtobe causedbysurfacedefectshatinga relation
totheforginglines.

4.Fiberorientationeffectsappebredto influencefatiguefailure
in a simikrmannerforalltheballmaterialsstudied.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,November25,1957
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TABIEI. - ANAIXSISANDCIEMUXNWS (3?SPECIMENS

11

ASTM
C!lean-
li.ness

TA- D-

Material Analysis(specified)

c P s Mu Si Al Cr

-F-------.-SAE52100
(air-melt)

+

11

11

L.000.0250.0250.350.28----1.45
max. max.

----

AISIM-1
(a&-melt)

1.800.0300.0300.230.23----4.00
max. max.

1.00

----

1.508.50

(air-melt )

*

11

11

11

).980.0250.0250.400.541.251.38
mex. max.

(air-melt)

AISIM-10
(air-melt)

L.000.0250.0250.501.000.081.45
msx. max.

----- 0.30----

).850.0300.0300.230.30
max. max.

).650.0300.0300.271.20
max. msx.

).700.0300.0300.300.25
max. max.

---- 4.002.00----- 8.00z1111Halmo
(vacuum-melt)
AISIT-1
(air-melt}

4.72

4.00

0.55

1.00

1.10

1.10

1.00

----- 5.36----

----

AISIMV-1
(air-melt)

:

11,

11

11

11

).800.0300.0300.300.25----4.10
max. max.

----- 4.25.

).8010.03010.03010.3010.251----14.00AISIM-50
(atr-melt)
AISIM-1
(vacuum-melt)

AISIT-1
(air-melt),
cylinders

-----14.0
Insx. max.

).800.0300.0300.230.23----4.00
+

1.508.50

4.001.0018.00----

.



12 — NACATN 4216

TABLEII.- EXPER-AL ANDTKEORE!UCALFAILURELO.2ATION

DISTRIBUTIONSINRANDOMLYORIENTEIlBAIL3a

Material IOcation ExperimentalresultsTheoreticalRatioof
of Nunber fractionof experimental
failures of Fractionfaflwe~

totheoret-Of:.
failuresfailures (b) icalresults

SAE52100,C Polararea 14 0.326 0.15 2.17
9/16”Dim. Nonpolar 29 .674 .85 .79
AISIM-1, Polararea 15 0.205 0.15 1.37
l/2°Diem. Nonpolar 58 .795’ .85 .94
AISIM-1 Polararea 3 0.231. 0.15 1.54
(vacuum-melt),Nonpolar 10 .769 .85 .90
l/2°Diam.

AISIMV-1, Polararea 5 0.217 0.15 1.45
1/2”Diam. Nonpolar 18 .783 .85 .92
AISIM-10, Polararea 4 0.444. 0.15
1/2”Diam. Nonpolar 5 .556 .85 (d)

AISIM-50, Polararea 5 0.417 0.15
1/2”Diam. Nonpolar 7 .583 .85 (d)

MET, Polararea 2 0.167 0.15 1.11
l/2°Diam. Nonpolar 10 .833 .85 .98
TMT, Polararea 10 0.833 0.15
l/2°Diam. Nonpolar 2 .167 .85 (d)

Halmo, Polararea 5 0.500 0.15
1/2”Dism. Nonpolar 5 .500. .85 (d)

AISIT-1, Polararea 2 0.500. 0.15
1[2”Dism. Nonpolsr 2 .500 .85 (d)

Total Polararea 65 0.308 0.15 2.05
Nonpolar 146 .692 .85 .81

aAllgroupshadanaveragepolehalf-angleof40°. . —.-.
bFora homogeneousmaterialascalculatedinref.1.
cIncludes29failuresreportedinref.1.
computationsomittedbecausetrackorientationwasnotapproximately
random.
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TABLEIII.- DISTRIBUTIONOFFA~IIRESINRANDOMIYOR-ED

BAILSWHICHRANOVERPOLARAREASa

Material LocationExperimentalresultsTheoreticalRatioof
of Ntier fractionof experimental
failures of Fractionfailme*

of to theoret-
failuresfailures (b) icalresults

SAE52100,C Polarsxea 14 0.560 0.234 2.39
9/16°Diam. Nonpolsx 11 .440 .766 .57
AISIM-1, Polararea 15 0.300 0.234 1.28
1/2”Diam. Nonpolar 35 .700 .766 .97
AISIM-1 Polarsrea

!~:’%;::lt~’
Nonpolsr

3 0.375 0.234 1.60
5 .625 .766 .82

.

AISIMV-1, Polararea 5 0.385 0.234 1.65
l/2°Diam. Nonpokr 8 .615 .766 .80
AISIM-10, Polarmea 4 0.572 0.234 2.44
l/2°Dism. Nonpobr 3 .428 .766 .56
AISIM-50, Polararea 5 0.556 0.234 2.37
1/2”Diam. Nonpoler 4 .444 .766 .58

ME1’, Polsrsrea 2 0.286 0.234 1.22
1/2”Diam. Nonpolsr 5 .714 .766 .93 :
TMI, Polarsrea 10 0.833 0.234 3.56
l/2°Dism. Nonpolar 2 .167 .766 .22
Halmo, Polsrarea 5 0.500 0.234 2.14
l[2°Diam. Nonpolar 5 .500 .766 .65
AISIT-1, Polararea 2 0.667 0.234 2.85
1/2”Diam. Nonpolar 1 ●333 .766 .44

Total Polsrarea 65 0.451 0.234 1093
Nonpolar 79 .549 .766 .72

aAllgroupshadan averagepolehalf-angleof 400.
%or a homogeneousmaterialas calculatedinref.1.
cIncludes16failuresfromref.1.
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